Exposure to alcohol during the brain growth spurt results in impaired cognition and learning in adulthood. This impairment is accompanied by permanent structural changes in the hippocampal formation. Exercise improves performance on hippocampal-dependent learning and memory tasks and increases adult neurogenesis in the rat hippocampal dentate gyrus. The present study examined the effects of wheel running during adolescence on dentate gyrus cell proliferation and neurogenesis after postnatal binge-like alcohol exposure. On postnatal days (PD) 4-9, pups were either intubated with alcohol in a binge-like manner, sham intubated, or reared normally. On PD30-42, all animals were randomly assigned to two adolescent conditions: wheel running or inactive control. Animals were injected with BrdU every day between PD32 and PD42 and perfused on PD42 or PD72. In inactive control animals at both PD42 and PD72, cell proliferation and neurogenesis did not differ between postnatal treatment groups. Wheel running significantly increased the number of BrdU-labeled cells on PD42 in all three postnatal treatments. On PD72, only the normal controls showed significant increases in survival of newly generated cells resulting from the wheel running. These results indicate that adolescent wheel running can induce comparable increases in cell proliferation and neurogenesis in alcohol-exposed and control rats, but the long-term survival of those newly generated cells is impaired relative normal controls. Exercise may provide a means to stimulate neurogenesis, with implications for amelioration of hippocampal-dependent learning impairments associated with alcohol exposure. However, benefits requiring long-lasting survival of the newly generated cells will depend on identifying ways to promote survival. © 2009 Elsevier B.V. All rights reserved.
Introduction
Alcohol exposure during pregnancy can lead to various birth defects in the central nervous system (CNS), craniofacial structure, or other organ systems. The range of effects associated with fetal alcohol exposure is referred to collectively as fetal alcohol spectrum disorders (FASD) (Streissguth and O'Malley, 2000) . One in 100 live births are estimated to be affected by FASD (May and Gossage, 2001) . The most serious of these disorders, fetal alcohol syndrome (FAS) , is diagnosed by the presence of growth deficits, facial dysmorphology, and CNS abnormalities due to heavy maternal alcohol consumption during pregnancy (Jones and Smith, 1973) . Children exposed prenatally to alcohol who do not meet the diagnostic criteria for FAS may still manifest significant cognitive, behavioral, motor, and growth impairments (Coles et al., 1991; Hamilton et al., 2003; Maier et al., 1996; Mattson et al., 1996 Mattson et al., , 2001 . Alcohol insult during pregnancy can cause selective brain damage in the offspring including damage to the cerebellum, corpus callosum, and hippocampus (Archibald et al., 2001; Autti-Ramo et al., 2002; Bookstein et al., 2007; Mattson et al., 1996; Riley et al., 1995) . Animal models of FASD have demonstrated that the type and extent of the brain tissue damage, including neuronal loss, largely depend on the dose and developmental timing of exposure (Maier et al., 1996) . The brain growth spurt, a period characterized by cellular proliferation and differentiation, neuronal migration, axonal growth, and synaptogenesis, occurs during the third trimester of pregnancy in humans and in the first 2 weeks after birth in rats (Dobbing and Sands, 1979; West et al., 1987) . It is a period of vulnerability in which alcohol induces structural damage in the cerebellum, hippocampus, and other cortical regions (Bonthius et al., 2001; Goodlett and Lundahl, 1996; Goodlett et al., , 1998 Livy et al., 2003; Miller, 1995; Tran and Kelly, 2003) . Previous studies demonstrated that binge-like alcohol exposure during the third trimester equivalent in rodent models resulted in decreased cell density and cell number in hippocampal dentate gyrus, CA1, and CA3 immediately following alcohol exposure (Bonthius and West, 1990; Livy et al., 2003; West, 1986) . However, Miller (1995) demonstrated an increase in neuronal number in the dentate gyrus and CA1 and in neuronal generation in the dentate gyrus when exposure doses were moderate, whereas others reported reductions in neuronal number in the CA1 hippocampal subfield but not in the dentate gyrus with bingelike exposures (Bonthius et al., 2001; Tran and Kelly, 2003) .
The hippocampal dentate gyrus is one of two neurogenic regions in the adult mammalian CNS (Altman and Das, 1965; Kuhn et al., 1996; Lois and Alvarez-Buylla, 1993) . Adult neurogenesis in the dentate gyrus can be regulated by numerous intrinsic and extrinsic factors including genetic background, age, neurotransmitters (dopamine, serotonin), behavior, stress, and drugs (Baker et al., 2004; Gould et al., 1997; Kempermann et al., 1997a,b; Kuhn et al., 1996; Malberg et al., 2000; Nacher et al., 2001; Nixon and Crews, 2002; Tanapat et al., 1999; van Praag et al., 1999a,b) . There are a limited number of studies examining whether alcohol exposure during the brain growth spurt produces lasting effects on adult neurogenesis. While both Ieraci and Herrera (2007) and Klintsova et al. (2007) found impairments in neurogenesis, Wozniak et al. (2004) 
Behavioral studies have also demonstrated that alcohol exposure during the brain growth spurt in rats produces impairments in performance on hippocampal-dependent learning and memory tasks corresponding to those seen in humans with FASD (Bonthius et al., 2001; Goodlett and Peterson, 1995; Goodlett et al., 1987; Hamilton et al., 2003; Johnson and Goodlett, 2002; Mattson and Riley, 1999; Pauli et al., 1995; Thomas et al., 2008; Uecker and Nadel, 1998; ) . Voluntary exercise (wheel running) has been shown to increase cell proliferation and adult neurogenesis in the dentate gyrus and enhance learning and memory performance (Adlard et al., 2004; Eadie et al., 2005; Holmes et al., 2004; van Praag et al., 1999a,b; Vaynman et al., 2004) . Redila and colleagues (2006) demonstrated that, in rats exposed to alcohol prenatally, voluntary exercise in adulthood increased cell genesis in the hippocampal dentate gyrus, rescuing the observed decrease in BrdU-labeled cells. Furthermore, extensive wheel running experience eliminated deficits on hippocampal-dependent behavioral tasks typically induced by early postnatal alcohol exposure in rats (Thomas et al., 2008) .
The present study addresses the issue of whether postnatal alcohol exposure during the brain growth spurt affects cell proliferation, differentiation, neurogenesis, and survival in the hippocampal dentate gyrus of young rats. The primary purpose of this study was to test the hypothesis that voluntary exercise during adolescence can stimulate neurogenesis and gliogenesis in the hippocampal dentate gyrus in rats given a binge-like alcohol exposure during the postnatal brain growth spurt.
Results

Weights
The effects of binge-like postnatal alcohol exposure on body weight at the onset and termination of treatment periods are shown in Table 1 . All animals continued to gain weight throughout treatments. A multivariate ANOVA with postnatal treatment by wheel running revealed no significant interaction but yielded a main effect of postnatal treatment on postnatal (PD) 4 (F (2,82) = 8.07, p < 0.05), PD9 (F (2,82) = 22.12, p < 0.01), and PD32 (F (2,82) = 4.12, p < 0.05). Suckle control (SC) animals' weights were significantly lower than alcoholexposed (AE) and sham-intubated (SI) animals on PD4 (p < 0.01). On PD9 and PD32, AE animals weighed significantly less than SI animals (p < 0.05). By PD42, weights did not differ among postnatal treatment groups. Furthermore, wheel running had no effect on body weight on PD42.
Blood alcohol concentrations
The mean peak BAC (±SEM) measured on PD4 was 330.03 ± 6.9 mg/dL. This was comparable to previously reported studies using similar alcohol dosages (Goodlett and Johnson, 1997; Helfer et al., 2009; Klintsova et al., 2007; Tran and Kelly, 2003) .
Wheel running activity
On average, the number of wheel revolutions (±SEM) per 24-h period was 4392 ± 150, approximately 4.9 km. When possible, animals were housed with like postnatal treatment groups. This allowed for analyses of the effects of postnatal treatment on activity. One-way ANOVA revealed that postnatal treatment did not significantly affect daily wheel running activity (Fig. 1) . A Pearson correlation coefficient was computed to assess the relationship between daily running distance (rotations) and neurogenesis measures. There were no correlations between running distance and PD42 BrdU+ (r = −0.1261, n = 23, p = 0.57) or PD42 BrdU/NeuN+ (r = −0.075, n = 23, p = 0.73).
However, there were correlations between running distance and PD72 BrdU+ (r = 0.4448, n = 24, p = 0.03) and PD72 BrdU/ NeuN+ (r = 0.4761, n = 24, p = 0.02).
Proliferation and neurogenesis at PD42
To ascertain whether postnatal alcohol exposure affected cell proliferation and neurogenesis and whether physical activity had the same effect on hippocampal neurogenesis in AE as in controls, rats were exposed to 12 days of 24-h voluntary wheel running or inactive control housing. All animals received daily injections of BrdU (50 mg/kg) for 10 consecutive days and were perfused on PD42 within 2-4 h after the last injection. BrdU+ cell labeling was observed in all hippocampal sections with similar distribution in the dentate gyrus (DG). Fig. 2 Fig. 2A) . Fig. 3A ,B presents confocal images of BrdU labeling in the DG.
To determine the phenotype of the BrdU+-labeled cells in the DG, the percentage of colabeling with NeuN (mature neuronal marker), DCX (immature neuronal marker), S-100B (astrocyte marker), CNPase (oligodendrocyte marker), Iba-1 (microglia) was analyzed. Fig. 3B -G presents confocal images of these markers and represents colabeling of these markers with BrdU in the DG. BrdU/S100B+, BrdU/CNPase+, or BrdU/Iba-1+ labeling was less than 1% (data not shown).
The percent of BrdU/DCX colabeling found was 69% ± 3% (±SEM). There was no significant main effect of postnatal treatment or wheel running on percent of BrdU/DCX+ colabeling. The total numbers of BrdU+/DCX+ cells were calculated by multiplying the number of BrdU+ cells by the percentage of BrdU+ and DCX+ colocalization (Fig. 2B) . A twoway ANOVA on BrdU/DCX+ cell numbers revealed significant main effects of both postnatal treatment (F (2,37) = 6.77, p < 0.01) and wheel running (F (1,37) = 20.44, p < 0.01) while the interaction was not significant. Based on Tukey HSD post hoc comparisons AE animals expressed a higher number of BrdU/DCXlabeled cells than did the SI animals (p < 0.01). Wheel running increased the number of BrdU/DCX+ cells the AE group (t 11 = 3.52, p < 0.01); however, the increase did not reach significance in either the SC (t 11 = 2.06, p = 0.064) or the SI (t 15 = 1.89, p = 0.078) groups. The percent of BrdU/NeuN colabeling was 42% ± 2% (±SEM) for AE, 41% ± 2% (±SEM) for SC, and 35% ± 2% (±SEM) for SI. The percentage of BrdU+ cells expressing mature neuronal marker NeuN was significantly affected by the postnatal treatment condition (F (2,37) = 3.66, p < 0.05). Based on post hoc comparisons, AE animals had a significantly higher percent of BrdU/NeuN+ labeling than SI animals (p < 0.05). After transforming these percentages into BrdU/NeuN+ cell number, twoway ANOVA analysis on the number of BrdU/NeuN+-labeled cells revealed significant main effects of postnatal treatment (F (2,37) = 14.60, p < 0.01) and wheel running (F (1,37) = 15.64, p < 0.01); the interaction term was not significant. Post hoc comparison revealed that there were more BrdU/NeuN-labeled cells in the AE animals compared to the SI animals (p < 0.01). Comparison between wheel running and inactive control conditions within each postnatal treatment group revealed that AE (t 11 = 2.23, Fig. 3 -Analysis of BrdU phenotype using multiple cellular markers in the adolescent hippocampal DG. (A) Confocal projection image of the DG stained with antibodies against BrdU (newly generated cell; green) and NeuN (mature neurons; red) labeling. Sections of DG stained demonstrating colabeling of the antibodies against BrdU (green) and (B) NeuN (red), (C) DXC (immature neurons; red), (D) S-100B (astrocytes; red), (E) CNPase (oligodendrocytes; red), and (F) Iba-1 (microglia; red). Phenotyping of BrdU+ cells revealed that the majority of these cells expressed neuronal markers. BrdU, bromodeoxyuridine; DG, dentate gyrus; NeuN, neuronal nuclei. Scale bars = 20 μm in panel A and 5 μm in panels B-F. p < 0.05) and SI (t 15 = 2.61, p < 0.05) animals showed a significant increase in neurogenesis in the wheel running condition (Fig. 2C ), but the SC group showed only a non-significant trend for increased numbers in the wheel running condition.
Survival of newly generated cells and neurons
To determine whether postnatal alcohol exposure affects survival of newly generated cells and neurons and if exposure to exercise during the period of new cells maturation affects their ability of post-exercise survival, rats were housed in groups in standard cage conditions for a 30-day survival period following the wheel running paradigm and were perfused on PD72. There were no main or interactive effects of postnatal treatment and wheel running on BrdU + cell survival ( Fig. 4A presents 
Dentate gyrus volume
The volume of the DG was compared across treatment groups to assess the possibility that variations in volume of the DG existed. There were no main or interactive effects of postnatal treatment or wheel running on DG volume for the PD42 groups. However, there was a significant main effect of postnatal treatment on volume in the PD72 data (F (2,39) = 3.36, p < 0.05), but post hoc Tukey comparisons revealed no significant differences between the postnatal treatment groups (mm 3 ± SEM; SC-IC: 0.23 ± 0.01; SC-WR: 0.23 ± 0.01; SI-IC: 0.24 ± 0.01; SI-WR: 0.22 ± 0.01; AE-IC: 0.21 ± 0.01; AE-WR: 0.21 ± 0.01).
Discussion
The results of the present study demonstrate that voluntary exercise (wheel running) during adolescence significantly enhanced cell proliferation and neurogenesis in the dentate gyrus (DG) of rats exposed to a binge like alcohol exposure (AE) during the postnatal brain growth spurt in a manner similar to that of the postnatal treatment controls. However, when assessed 1 month after the termination of wheel running, only the suckle control group showed significant increases in BrdUlabeled cells. In addition, the difference in the number of surviving newly generated neurons between wheel running and inactive control conditions did not reach significance for any postnatal treatment group. We conclude that postnatal alcohol exposure did not affect cell proliferation (bromodeoxyuridine, BrdU+ cells) or neurogenesis (BrdU+ cells colabeled with DCX or NeuN) in the adolescent DG. Given the lack of a significant effect of voluntary exercise in the AE or in the sham intubated (SI) groups after a 30-day survival period, it appears that the increase in neurogenesis afforded by the voluntary exercise was not sustained in these groups. This study also demonstrated that postnatal AE did not influence differentiation of progenitor cells in the DG, given that the large majority of BrdU+ cells expressed neuronal markers, with comparable percentages across survival groups.
BrdU labeling
In this study, BrdU was used to identify and monitor proliferating cells in the adolescent hippocampal dentate gyrus. BrdU was administered by intraperitoneal injection daily for 10 consecutive days during wheel running treatment. This injection protocol was utilized to identify the pool of proliferating cells that were influenced by physical activity, similar to previous studies (Lie et al., 2002; van Praag et al., 1999a,b) . Because of the use of a multiple injection procedure and the potential toxicity of BrdU, a dose of 50 mg/kg was chosen. Multiple injections of this dose support the labeling of many cells undergoing division over a period of time and provide identification of cell proliferation and adult neurogenesis (Cooper- Kuhn and Kuhn, 2002; Kuhn et al., 1996; Palmer et al., 2000; Taupin, 2007; Wojtowicz and Kee, 2006) . Studies using similar injection paradigms produce no physiological side effects in the animals or obvious toxic effects on dividing cell (Cameron and McKay, 2001 ; Cooper- Kuhn and Kuhn, 2002) . However, multiple injections do decrease the specificity of the survival time McKay, 1999, 2001 ) and could be the cause of the high variability in the cell counts seen in this current study.
Exercise not only affects neurogenesis and learning and memory, it also increases cerebral blood flow and blood-brain barrier permeability (Sharma et al., 1991; Yancey and Overton, 1993) . Because BrdU is an exogenous marker, the increases in blood flow and blood-brain barrier permeability resulting from wheel running may alter the bioavailability of BrdU. However, in previous studies utilizing both BrdU and endogenous marks of cell proliferation and neurogenesis (such as Ki67, pH3, and DCX), wheel running was shown to increase proliferation and neurogenesis regardless of the marker used (Koehl et al., 2008; Van der Borght et al., 2009 ).
3.2.
BrdU-labeled cells and newly generated neurons in alcohol-exposed and control animals Using the same alcohol exposure paradigm as in the current study (but with a longer period of BrdU injections, 10 vs. 20 days), we (Klintsova et al., 2007) reported no difference in the number of BrdU+ cells when measured after the last BrdU injection on PD50. These findings are similar to those in the current study, that postnatal alcohol does not affect the number of BrdU+ cells after the injection period. However, these two studies do differ in the outcomes of the survival. Klintsova et al. (2007) found a decrease in survival of newly generated cells and neurons, while the current study found no effect. These differences may be due to the longer BrdU exposure in the previous study (Klintsova et al., 2007) , thus resulting in different population of cells labeled and different age at which survival was assessed (PD72 vs. PD80). In the previous study (as suggested by the authors), the newly generated cells had a chance not only to mature but also die at a higher rate in the alcohol-exposed animals (Klintsova et al., 2007) .
The few other reports investigating the impact of early postnatal alcohol exposure on adult neurogenesis render inconsistent findings. Wozniak and colleagues (2004) reported that a single day of alcohol exposure during the postnatal period produced no effect on DG neurogenesis (BrdU/NeuN+) in young mice (P54). However, another study showed that a single dose of alcohol on PD7 decreased dorsal but not ventral dentate gyrus cell proliferation (BrdU+) and immature neuronal number (DCX+) in older adult mice (P147) (Ieraci and Herrera, 2007) . In the latter study, multiple BrdU injections across 7 days were given to 4-month-old mice and BrdU+ cell number was evaluated 3 weeks later (assessment of survival of newly generated cells).
There are several differences among these studies including alcohol and BrdU administration, species of rodent used, and age when neurogenesis was studied that may account for the various results. Differences in age may possibly explain why this current study and Wozniak and colleagues (2004) do not see decreases in cell proliferation and adult neurogenesis like those observed in the studies by Ieraci and Herrera (2007) and Klintsova et al. (2007) . Hippocampal dentate gyrus neurogenesis has been shown to decline considerably with age, especially during the time from adolescence to adulthood (He and Crews, 2007; Heine et al., 2004; Kuhn et al., 1996) . As Ieraci and Herrera (2007) suggested, the effects of postnatal alcohol exposure on neurogenesis may not be detectable until a certain age is reached. Interestingly, it was found that a single dose of alcohol during the postnatal period increased cell proliferation in the dentate gyrus of adolescent rats and increased the percentage of newly generated immature neurons (Zharkovsky et al., 2003) . Thus, it is possible that postnatal alcohol exposure increases neurogenesis during development and adolescence (perhaps as a way to compensate for the alcohol insult), but as the maturation and aging process continues, the effect of postnatal alcohol exposure becomes more obvious with the enhancement of aging and overall decline of neurogenesis. While age alone does not account for the differences between the findings of Wozniak et al. (2004) and those of our previous study (Klintsova et al., 2007) , alcohol administration may also play a key role here. Wozniak et al. (2004) utilized a single day exposure paradigm in mice while Klintsova et al. (2007) administered alcohol for 6 consecutive days in rats. The binge-like exposure to alcohol delivered a greater insult to the brain indicating that the effects of postnatal alcohol exposure could depend on the duration of exposure. Another important note is that different species (mice vs. rats) were used in these two studies.
Similarly, there are inconsistencies in studies of cell proliferation in which alcohol exposure occurs earlier during prenatal development in rodents. It has been reported that the level of cell proliferation in adult rodents was decreased (Redila et al., 2006) or not affected (Choi et al., 2005) following prenatal alcohol exposure.
Influence of wheel running
The present study examined the effects of wheel running (voluntary exercise) on cell proliferation and neurogenesis in adolescent rats, particularly in those exposed to alcohol postnatally. The current study shows that after 12 days of wheel running, the number of BrdU+ cells was increased in the DG of all treatment groups, including the AE rats. These findings are the first to demonstrate that wheel running stimulates cell proliferation or neurogenesis in the DG of rats given early postnatal alcohol exposure to a degree comparable to normal rats. However, following a 30-day post-exercise treatment period, there was a significant increase in cell survival only in the SC group, but not in AE or SI rats. This implies that if neurogenesis induced by voluntary exercise is to be a target in potential therapeutic intervention for FASD, it likely will have to be accompanied by additional treatments that could promote survival of the newly generated neurons. Postnatal alcohol exposure has been associated with deficits in hippocampal-dependent behavioral task performance. Human FASD patients exhibit deficits on explicit memory tasks and are impaired in place learning (Hamilton et al., 2003; Mattson and Riley, 1999; Uecker and Nadel, 1998) . Deficits in spatial working memory and place learning in the Morris water maze have been demonstrated in numerous studies utilizing the postnatal rat model of alcohol exposure (Goodlett and Peterson, 1995; Johnson and Goodlett, 2002; Pauli et al., 1995; Thomas et al., 2008; Wozniak et al., 2004) . A number of reports have demonstrated an association between adult neurogenesis and learning and memory in recent years (Hernandez-Rabaza et al., 2009; Saxe et al., 2006; Shors et al., 2001; Shors et al., 2002; Winocur et al., 2006; Wojtowicz et al., 2008) . Wheel running has been shown to increase adult neurogenesis in the dentate gyrus and has also been shown to enhance performance on hippocampal-dependent tasks (Adlard et al., 2004; Eadie et al., 2005; Holmes et al., 2004; van Praag et al., 1999a,b) . However, improvements in behavioral performance may also be related to exercise effects on growth factor signaling cascades, LTP, dendritic complexity, and spine density (Cotman et al., 2007; Eadie et al., 2005; van Praag et al., 1999b) .
Voluntary exercise has been shown to improve performance deficits on water-maze spatial learning tasks following prenatal alcohol exposure in mice (Redila et al., 2006) . In a recent study, rats exposed postnatally to alcohol were impaired in the Morris water maze performance and overactive in the open field (Thomas et al., 2008) . Following voluntary exercise during adolescence, alcohol-exposed animals were no longer impaired in these behaviors (Thomas et al., 2008) . These results together with the current study's findings suggest that voluntary exercise ameliorative effects on behavioral deficits resulting from postnatal alcohol exposure could be the result of increased cell proliferation. It still needs to be determined if this behavioral amelioration is temporary or permanent, since in the current study we did not find enhanced long-term survival of newly generated cells and neurons.
Voluntary exercise (wheel running) has been demonstrated to rescue dentate gyrus cell proliferation decreased by the prenatal alcohol exposure (Redila et al., 2006) or by alcohol consumption (Crews et al., 2004) . Our results confirm the exercise effect on proliferative activity of progenitors in the DG subgranular zone. These findings suggest that exercise (voluntary running) is more powerful intervention than exposure to environmental complexity, which failed to bring up the number of dividing progenitors in DG after prenatal alcohol exposure (Choi et al., 2005) .
It is well known that exercise increases cell proliferation and neurogenesis in adult animals (Brown et al., 2003; van Praag et al., 1999a,b) . However, there are a few reports of these effects in adolescent animals (Kim et al., 2004; Lou et al., 2008) . Adolescence is characterized by brain growth and maturation. Select structures, such as the prefrontal cortex and limbic regions (including hippocampal DG), undergo dynamic development throughout adolescence (Chambers et al., 2003; Spear, 2000) . During this time, there are high levels of neurochemical and neuronanatomical remodeling occurring (Andersen et al., 2000; Andersen and Teicher, 2004; Cooke and Woolley, 2005) . There is a likely possibility that this ongoing development in the DG affects exercise-induced cell proliferation and neurogenesis. It has been demonstrated that the effects of exercise on cell proliferation are age-dependent (Kim et al., 2004) , in that treadmill exercise increased cell proliferation in male 4-, 8-, and 62-week-old rats (Kim et al., 2004) . However, the largest enhancement was observed in the 8-week-old group (Kim et al., 2004) . In another treadmill exercise study, it was demonstrated that cell proliferation and neurogenesis were increased following a week of low-intensity treadmill exercise in 35-day-old rats (Lou et al., 2008) . These effects were not observed in the moderate-or high-intensity groups, suggesting that the effects of exercise on adolescent neurogenesis depend on activity's intensity (Lou et al., 2008) . The results from these previous studies suggest that age and intensity of running significantly and differentially affect neurogenesis. This can also explain the outcomes of our adolescent study where the effect of wheel running on cell proliferation and neurogenesis is less pronounced than that seen in the adult wheel running studies.
Conclusion
In summary, the present study demonstrates that postnatal alcohol exposure does not affect cell proliferation, differentiation, or neurogenesis in the DG of adolescent male rats. In addition, alcohol-exposed rats have a proliferation and neurogenesis response to exercise. However, exercise does not promote the survival of these newly generated cells in these animals. If enhancing neurogenesis is to be a target of therapeutic intervention for FASD, exercise will likely have to be accompanied by additional treatments that will promote the survival of these newly generated cells. Future studies are necessary to determine the extent of the therapeutic possibilities of exercise in animal models of FASD.
Experimental procedures
Animals
The experimental design (Fig. 5 ) and procedures were reviewed and approved by the University of Delaware Institutional Animal Care and Use Committee (IACUC). Adult Long Evans time-pregnant dams were obtained from the University of Delaware Animal Care Facility, individually housed, maintained on a 12-h light/dark cycle, and given free access to food and water. On postnatal day (PD) 3, litters were culled to eight to ten pups and paw marked. On PD4, Fig. 5 -Schematic of experimental design described in Experimental Procedure.
litters were assigned to one of two conditions: suckle control (SC) litters that received no intubation or intubation litters. A split litter design was implemented for the intubated litters such that pups within these litters were randomly assigned to either sham-intubated (SI) or alcohol-exposed (AE) groups.
Postnatal treatment
The intubation treatments were administered from PD4 to PD9. Milk and milk/ethanol solutions were prepared from a base milk formula according to the previously described method (West et al., 1984) and were delivered by gastric intubation as previously described (Goodlett and Johnson, 1997; Helfer et al., 2009) . AE pups were intubated twice daily, 2 h apart, with a milk/ethanol solution containing 11.9% (v/v) ethanol. Thus a total of 5.25 g/kg of ethanol was delivered to each AE pup daily. All animals were weighed daily throughout treatment.
Blood alcohol concentrations
To assess peak blood alcohol concentrations (BACs), blood samples were obtained from a tail clip on PD4, 90 min after the last milk/ethanol intubation. The blood was centrifuged and plasma was collected and stored at −20°C until assay. BACs were analyzed using an Analox GL-5 Alcohol Analyzer which measures oxygen consumption during oxidation of ethanol (Analox Instruments, Lunenburg, MA).
Wheel running
After weaning on PD23, male offspring were group-housed three per cage. On PD30, with group-housing assignments maintained, animals were randomly assigned to one of two conditions: standard cage (IC-inactive control) or voluntary exercise (WR-wheel running) condition. Wheel running animals were housed in cages attached to stainless steel running wheels and had 24-h voluntary access to these wheels (multiple rats could run in the same wheel). The running wheels were equipped with counters that recorded each rotation of the wheel. Wheel running activity (wheel revolutions) was recorded every 12 h, on the light onset and offset.
BrdU treatment
On PD32, after 2 days of acclimation to the running wheels, all animals were injected intraperitoneally with the synthetic thymidine analog 5-Bromo-2-deoxyuridine (BrdU; Sigma Aldrich; 50 mg/kg, in sterile 0.9% saline) everyday at the onset of the light cycle until PD42. On PD42, half of the animals were perfused while the other half was housed in the standard cage condition (no running wheel access) until perfusions on PD72.
Tissue preparation
On the day of perfusions, animals were given an overdose of a ketamine/xylazin mixture and transcardially perfused with heparinized 0.1M phosphate-buffered saline (PBS, pH 7.2) followed by 4% paraformaldehyde in PBS (pH 7.2). The brains were carefully removed from the skull and stored in 4% paraformaldehyde for 2 days then transferred to 30% sucrose in 4% paraformaldehyde. Brains were coronally sectioned at 40 μm on a cryostat and serial sections were collected maintaining order throughout the dorsal hippocampus. Sections were stored at − 20°C in cyroprotectant solution containing glycerol and ethylene glycol in Tris-buffered solution (TBS).
Immunohistochemistry
A systematic random sampling procedure was used in selecting the sections for processing. Starting around bregma −2.56, every fifth section (4 sections per animal) was used for immunohistochemistry (previously described in Helfer et al., (2009) 
Stereological counting procedure
Quantification of BrdU+ cells in a one-in-five series of sections throughout the dorsal hippocampal dentate gyrus, suprapyramidal, and infrapyramidal blades, approximately bregma −2.56 through −3.80 was performed. All BrdU+ cell counts were made on coded slides by an investigator blind to the treatment conditions. Counts were made in an unbiased manner within a known volume of the dentate gyrus using the optical fractionator probe (Stereo Investigator, Micro Bright Field Inc., Williston, VT). The StereoInvestigator software calculates the total volume of the outlined brain region taking into consideration the number of sections (section sampling fraction, ssf = 1/5) within the structure of interest and the number of the sampling sites within the dentate gyrus on each section (area sampling fraction, asf = 2500/17500). The grid frame was set to 100 × 175 μm and the counting frame set to 50 × 50 μm. A guard zone of 2 μm and a dissector height of 35 μm were used. The frozen sections were originally cut at a nominal thickness of 40 μm. Immunostaining and mounting in the antifading media provided the opportunity for section thickness to change after processing. Section thickness was measured at every fourth counting site. An average section thickness was computed by the software and used to estimate the total volume of the DG sample region and total number of BrdU+ cells (thickness sampling fraction, tsf = 35 μm/section thickness). In this study, the mean measured thickness of the sections was 39.5 μm (range 37.6-44.6 μm). The mean coefficient of error (CE) for the number of cells (betweensection and within-section variation) did not exceed the recommended 0.1.
Phenotype analysis
For cell phenotype analysis, all animals were assessed for BrdU/NeuN colabeling while a subset of animals (chosen randomly), in separate series of sections, were assessed for BrdU/DCX, BrdU/CNPase, BrdU/Iba-1, and BrdU/S100B colabeling. At least 50 BrdU+ cells per animal were analyzed for the colabeling of NeuN (PD42 and PD72 tissue) and at least 25 BrdU+ cells were analyzed for colabeling of DCX, Iba-1, CNPase, and S100B (PD42 tissue only). Because of only performing double labeling, the percentages of BrdU/DCX and BrdU/NeuN labeling in the PD42 group equal over 100%. There is a known overlap in the expression of these two markers during neuronal maturation (between the 7th and 21st days after proliferation) . Z-stack images from the dentate gyrus were taken with confocal microscopy (LSM 510 confocal microscope, Zeiss, Thornwood, NY) and analyzed at the xy-, xz-, and yz-planes for coexpression. Percentages of BrdU+ labeled cells that were also labeled with the previously mentioned markers were calculated. To determine total number of colabeled cells, these percentages were multiplied by the counted BrdU+ numbers. Within a given section stereological counting was done on one half of the hippocampus, while cell phenotypes were determined on the other. These precautions were taken to prevent underestimation of phenotypes due to the fluorescent bleaching during counting. The images in Fig. 3 were moderately processed with the 'brightness-contrast' function in Zeiss LSM Image Browser (Zeiss, Thornwood, NY) and Photoshop (Adobe, San Jose, CA) to assist observations.
Statistical analysis
Data were analyzed using SPSS software (Chicago, IL). All independent variables were analyzed in a total of 43 male Long Evans rats for the PD42 cohort and in 45 males for the PD72 cohort. Data were analyzed with analysis of variance (ANOVA), and post hoc comparisons among postnatal treatment groups were performed with Tukey HSD post hoc tests. A priori comparisons of wheel running effects within each postnatal treatment group, testing the prediction that wheel running increased the number of labeled cells in the DG, were evaluated using two-tailed t-tests. A Pearson two-tailed correlation coefficient was used to assess the correlation between average daily distance run and neurogenesis measures. The significance level was set at p < 0.05.
